■ INTRODUCTION
Because of depletion of petroleum resources and environmental issues associated with petroleum-based synthetic materials, bioplastics from renewable and degradable biomass resources arouse much interest in both academic and industrial areas. In addition to being capable of replacing synthetic polymers in various applications, 1 about 50% of bioplastics currently in use are derived from starch due to its low cost, diverse and abundant resources, and easy processability. 2 However, moisture sensitivity and brittleness of starchderived products restricted applications of starch in many industrial areas. To cope with these problems, physical and chemical methods were used to develop starch-derived products. Blending with synthetic polymers, such as polyethylene, 3 styrene−butadiene latex, 4 and poly(vinyl alcohol) (PVA), 5 was employed to strengthen the starch films and other starch-derived products. Incorporation of nanoscale fillers was also found capable of increasing tensile strength of starch films while considerably reducing their elongation. 6 However, nonbiodegradability of some incorporated substrates, poor compatibility between starch and synthetic polymers, and limitedly improved water stability, remained obstacles for development of products from starch blends.
Chemical cross-linking that induces formation of networks of molecules could also enhance the performance properties of starch products. Aldehydes might be the most frequently used chemicals for starch cross-linking due to their high reaction efficiency. Glutaraldehyde 7 and formaldehyde 8 are examples of aldehydes that are most widely used in cross-linking of macromolecules, including proteins and polysaccharides. 9, 10 These highly reactive small-molecule aldehydes showed adequate enhancement in both mechanical performances and stability. Nevertheless, glutaraldehyde and formaldehyde are well-known for their environmental hazard and cytotoxicity, 11 and thus require specific equipment or procedures for their use in large-scale industrial and biomedical applications. In addition, epichlorohydrin was also used to cross-link starch. 12 However, upon contacting with water, epichlorohydrin could be readily hydrolyzed into 3-chloropropane-1,2-diol, which is a carcinogen. 13 Highly toxic phosphorus oxychloride was also used to cross-link starch.
14 Currently, nontoxic cross-linking methods are in high demand, 15 as most traditional cross-linkers have toxicity issues associated with their high reaction efficiencies. However, most of the cross-linkers lacked capability to improve tensile strength and elongation at the same time. Citric acid, an inexpensive and nontoxic natural poly(carboxylic acid), was applied to cross-link starch. The obtained starch films showed improved mechanical properties and prolonged water stability. 16 However, the percent elongation of citric acid cross-linked starch films was only up to 30%, indicating their limited extensibility. In additions, photo-cross-linking was an environmentally benign cross-linking approach, however, the treated starch films showed tensile strength even less than 10 MPa.
17
Oxidized sucrose could be a new option as a potent biobased cross-linker. Saccharides were oxidized to polar aldehydes or polymeric aldehydes for their low toxicity and potentially high reaction efficiency. Oxidized polysaccharides, such as dialdehyde starch 18 and oxidized dextran 19 with proved low-toxicity, were used to cross-link proteins, such as soy protein 20 and egg white. 21 However, the cross-linking effects were unsatisfactory, indicated by the limited improvement in mechanical properties and water solubility. There are abundant aldehyde groups in each dialdehyde starch molecule. However, the starch molecules have degrees of polymerization ranging from 100 to 1000. The bulky backbones prevented the dialdehyde starch to fully participate into the cross-linking reaction with substrates, leading to insufficient cross-linking efficiency. On the other hand, oxidized sucrose could contain up to four aldehyde groups in one former disaccharide molecule available for reaction. 22 Oxidized sucrose already showed effectiveness in cross-linking zein, the corn protein. 23 The in vitro cell culture study indicated that the protein scaffolds cross-linked with oxidized sucrose were biocompatible. 23 Moreover, the polar backbones prevented it from being highly volatile, which was the main cause of environmental toxicity of formaldehyde and glutaraldehyde. To the best of our knowledge, there is no publication that reports on utilization of oxidized sucrose on cross-linking starch products.
In this study, starch film cross-linked with oxidized sucrose enhanced tensile strength and strain more efficiently than many other reported cross-linkers. The water and acid stability of starch film were also remarkably improved. In addition to FTIR and NMR for molecular characterizations, the cross-linking reaction was also investigated in terms of kinetics.
■ MATERIALS AND METHODS
Materials. Corn starch was purchased from Cargill, Minneapolis, MN. Formic acid and sulfuric acid (>98%) were purchased from EMD Chemicals Inc. Gibbstown, NJ. Sucrose, sodium periodate (>98%), and barium dichloride were purchased from Johnson Matthey Company, Ward Hill, MA. All the other chemicals were purchased from VWR International, Radnor, PA.
Preparation of Oxidized Sucrose. Oxidized sucrose was obtained via periodate cleavage. About 6.6 g of sucrose and 12.9 g of sodium periodate were dissolved in 200 mL of distilled water. After the solution was stirred at room temperature for 26 h, 24 about 7 g of barium dichloride was added and the mixture was stirred at 5°C for 1 h to allow complete precipitation. The mixture was filtrated to obtain the liquid containing polyaldehyde derivatives of sucrose. The oxidized sucrose with concentration of around 6 wt % was stored at 5°C for further use. The reaction was shown in the following Scheme 1. Because the oxidized sucrose was a mixture, we estimated the molecular weight based on the average of the possible maximum weight (the weight of sucrose, 342.49 g mol ) and the possible minimum weight (the weight of oxidized sucrose with 4 aldehyde groups per molecule, 308.00 g mol −1 ). Solution Casting and Cross-Linking of Starch Films. About 3 wt % starch was dispersed in distilled water, heated at 90°C for 30 min. For un-cross-linked control films, pure starch solution and starch solution with 15% glycerol (based on the weight of starch) were poured onto Teflon-coated plates. For cross-linked films, oxidized sucrose solution was diluted to disperse starch to make the final oxidized sucrose concentration 1, 3, 5, 8, 10 , and 15 wt % based on the weight of starch. The mixture was heated at 90°C for 30 min. Subsequently, required amounts of glycerol (5, 10, 15, 20, 30 , and 40 wt % based on the weight of starch) were added into the solution, and then poured onto Teflon-coated plates. The cast films were allowed to air-dry for 72 h before peeled from the plates. The starch films were then treated in an air oven at various temperatures (140, 145, 150, 155, 160, and 165°C) for various periods of time (3, 5, 8, 10 , and 15 min). After heating, the films were balanced in a standard condition (21°C and 65% relative humidity).
The oxidized sucrose solution had pH at around 2.5 due to the existence of the formic acid as a product from the oxidation. In the starch film, glycerol with high hygroscopicity could hold certain amount of moisture in the film. The presence of acid and moisture might facilitate the formation of acetals which usually requires acidic catalysis.
Characterization of Oxidized Sucrose and Reaction between Starch and Oxidized Sucrose. Fourier transform infrared (FTIR) spectra were collected from sucrose and oxidized sucrose on an attenuated total reflectance ATR spectrophotometer (Nicolet 380: Thermo-Fisher, Waltham, MA) to determine the structural difference after periodate cleavage. The samples were placed on a germanium plate and 128 scans from 500 to 4000 cm −1 were collected for each sample.
1 H NMR analyses were done to illustrate the structural differences of sucrose/oxidized sucrose and non-cross-linked films/cross-linked films. For oxidized sucrose, the solvent was evaporated and the resulting sample was dissolved in D 2 O. The starch samples were dried and were dissolved in deuterated DMSO. Only soluble portion of cross-linked starch film in DMSO was collected for NMR analysis. Only soluble portion was used for NMR scanning. For cross-linked starch, more scans were taken until good signal-to-noise ratio was obtained. Spectra were taken on a Bruker AVANCE DRX 700 MHz NMR spectrometer (Bruker, Billerica, MA).
Static Mechanical Properties of Starch Films. Tensile properties of starch films were determined on an MTS tensile tester (Eden Prairie, MN) according to ASTM Standard D 882-02. Before testing, all samples were conditioned for at least 48 h in standard condition. Wet tensile properties were determined after conditioning the films at 21°C and 90% relative humidity in a conditioning chamber (Caron, Marietta, OH) for 48 h. The effects of weight ratio of glycerol to starch, weight ratio of oxidized sucrose to starch, time, and temperature on cross-linking were studied.
Dynamic Mechanical Analysis (DMA). To determine the effect of cross-linking on the dynamic thermo-mechanical properties of starch films, dynamic mechanical analyses on the starch films (length × width × thickness = 8.5 × 2.5 × 0.3 mm) were performed using a TA Instruments Q 800 (New Castle, DE) with tensioning cantilever geometry. Measurements were performed from 35 to 200°C at a heating rate of 5°C min −1 , strain of 0.1%, amplitude of 15.00 μm, and a frequency of 0.5 Hz. Storage modulus and tan δ of starch films before and after cross-linking were recorded.
Stability in Water. About 0.3 g of control and cross-linked starch films were soaked in 100 mL distilled water under room temperature for 3, 5, 10, 20, and 35 days. Temperature effect on water stability was also studied. About 0.3 g control and cross-linked films were weighed and put in 100 mL of distilled water under different temperatures (50, 60, 70, 80, and 90°C) for 30 min. After soaked for designated time periods, the samples were taken out, rinsed with distilled water, and allowed to dry at 23 ± 0.5°C and 50% RH in the conditioning chamber and weighed. Three replications were done for each sample.
The % weight loss was calculated according to eq 1.
= −
%weight loss initial weight of starch film weight of starch film after incubation initial weight of starch film
(1)
Stability in Formic Acid. About 0.2 g of control and cross-linked starch films were put in 5 g formic acid, and the mixture was sealed tightly. They were kept at room temperature for 24 h. After treatment, formic acid was removed, and the remaining starch films were washed with distilled water repeatedly to neutral. The samples were dried at 23 ± 0.5°C and 50% RH in the conditioning chamber and weighed. Three replications were done for each film. The % weight loss was calculated according to eq 1.
Thermal Analysis. Differential scanning calorimeter (DSC 822: Mettler-Toledo Inc., Columbus, OH) was used to study the thermal behavior of starch films before and after cross-linking. DSC curves were obtained by heating the samples at a rate of 20°C per min, holding at 50°C for 3 min to evaporate moisture, and again heating to 250°C at 20°C per minute. The samples were cooled to 25°C at 20°C per minute and a second heating cycle was obtained using the same procedure.
Reaction Kinetics. Kinetic study was conducted to determine rate law of oxidized sucrose cross-linking of starch. After determining rate order and rate constant (k), Arrhenius constant (A), and activation energy (Ea) were calculated according to the Arrhenius Equation, as shown in eq 2.
where, R is the gas constant, 8.3145 J mol −1 K −1 and T is the curing temperature (K).
Because reaction between aldehyde groups of oxidized sucrose and hydroxyl groups of starch could introduce either intermolecular or intramolecular cross-links, the exact amount of cross-linking was almost impossible to measure. Thus, the amount of cross-links formed as a result of the cross-linking reaction was calculated based on the change of total amount of aldehyde groups introduced into the aqueous starch solution. About 0.5 g un-cross-linked and cross-linked films, which were cured at 140, 150, and 165°C for 0, 3, 5, 10, and 15 min were put into 100 mL of distilled water. After 10 h, the films were removed and the filtrate with unreacted oxidized sucrose were collected. Aldehyde concentrations in the filtrate were quantified using iodometric titration. The unreacted oxidized sucrose concentration was subtracted from the total oxidized sucrose initially introduced into the starch solution and plotted against the curing time to obtain the reaction rate and reaction rate constant.
As the oxidized sucrose might self-cross-link due to heating, the same amount of oxidized sucrose powder obtained via low temperature rotary evaporation was treated under the same conditions. The decrements in aldehyde groups after the treatments were considered as the amounts of aldehyde groups consumed due to self-cross-linking in the process of cross-linking, and were deduced from consumption of total aldehyde groups in the calculation as blanks.
Iodometric titration method was developed to determine the concentration of aldehyde groups. Excess amount (25 mL) of 0.1 M I 2 /KI solution and 10 mL of 1 M NaOH solution were added slowly into the obtained filtrate. The mixture was kept in dark for 20 min to complete the reaction between iodine and aldehyde groups as shown in eqs 3 and 4. Because the final solution of oxidized sucrose was a mixture of different polyaldehyde derivatives, the reaction ratio between triiodine and aldehyde was assumed 1:1 as shown in eq 4. After 20 min, 15 mL of 0.5 M H 2 SO 4 was added into the mixture in a controlled manner to adjust pH and to prevent the formation of sodium iodate. The mixture was titrated with standardized 0.1 M sodium thiosulfate solution. The aldehyde concentration was calculated based on the consumed thiosulfate volume as shown in eq 5. 
A factor of 4 was considered in the calculation of concentration of oxidized sucrose in the kinetic study.
Statistics. One way analysis of variance was employed to analyze the data. The sample sizes were equal for each test, the observations being tested were independent within and among the groups, which were normally distributed and variances were homogeneous. Tukey's pairwise multiple comparison was chosen. The confidence interval was set at 95% and a p value less than 0.05 was considered to be a statistically significant difference. The data in the figures labeled with different numbers or characters indicated significant differences.
■ RESULTS AND DISCUSSION
Mechanical Properties of Films Cross-Linked under Different Conditions. Figure 1a illustrates that as glycerol concentration increased, the tensile strength of starch film increased and then decreased, whereas the elongation increased fast before the concentration reached 15% and slowly afterward. Plasticization was an unavoidable procedure to endow starch films with flexibility because both cross-linked and un-crosslinked starch films were too brittle. Glycerol was the most widely used plasticizer for biobased products. 25 The slight increase in tensile strength at low glycerol concentration might be due to improved capability for the starch molecules to align during stretching, which also caused significant increase in elongation of starch films. However, as the concentration of glycerol further increased, the molecular interaction decreased so remarkably that the molecules could not undertake load before they slid away from each other. The optimal concentration was 15 wt % as indicated by the highest tensile strength and relatively high elongation. Figure 1b demonstrates that both tensile strength and elongation of starch films increased first and then decreased as cross-linking time increased. Curing time shorter than 5 min was insufficient to build a network among starch molecules, leading to weak intermolecular interaction. Curing for 5 min could enable oxidized sucrose to cross-link adequately starch and induce network formation among molecules, leading to the highest tensile strength and strain consequently. Further extending the curing time might damage starch backbones and also increased cross-linking density, and thus resulted in decrease in tensile properties. Figure 1c demonstrates that both tensile strength and elongation of starch films gradually increased as cross-linking temperature increased from 145 to 165°C. The temperature for the reaction should be controlled high enough to ensure efficient removal of water molecules from the reaction between OS and starch. At the same time, it could not be too high to minimize thermal decomposition of starch. 26 The temperature of 165°C might be the optimal temperature for oxidized sucrose cross-linking. Figure 1d demonstrates that both tensile strength and elongation of starch films increased first and then decreased as concentrations of oxidized sucrose increased. The highest tensile strength of 23 MPa and highest tensile strain of 95% were achieved as the concentration of oxidized sucrose were 5 and 10 wt %, respectively. Cross-linking built inter-and intramolecular linkages as well as lengthened the starch molecules. Subsequently, molecular interaction could be enhanced, resulting in increase in tensile strength and decrease in tensile strain. Meanwhile, when the cross-linking degree was low, the length of starch molecules available for sliding could be increased. However, continuous increase in cross-linking extent restricted the sliding of starch molecules due to increased interand intramolecular interaction, and thus decreased the tensile strain. Thus, breakage of weak points among the overcrosslinked molecular sections became the major cause of film breakage, resulting in reduced tensile strength. The oxidized sucrose concentration of 5 wt % yielding best tensile strength and relative good tensile strain was used in later work.
As shown in Table 1 , oxidized sucrose endowed the solventcast starch films with good tensile strength and strain simultaneously, whereas many other cross-linkers did not. For example, cross-linking using nontoxic citric acid or toxic epichlorohydrin could yield similar tensile strength, but much lower tensile strain; boric acid cross-linking improved tensile strength and strain at the same time, but the improvement was limited. The better improvement in mechanical properties could be attributed to higher activity of aldehyde groups in oxidized sucrose, compared with those in other cross-linkers.
Stability of Starch Films. Thermal Stability. Figure 2 shows the DSC thermograms of corn starch films before and after cross-linking with 5% oxidized sucrose, proving that crosslinking substantially enhanced thermal stability of starch films. A big and small first endothermic peak at around 160°C existed in the thermograms of un-cross-linked and cross-linked starch, respectively. However, the un-cross-linked starch had a second endothermic peak lower than 170°C, whereas the cross-linked starch showed a second peak at around 188°C. The first peak around 160°C might be due to decomposition of starch molecules. For the thermogram of non-cross-linked starch, the melting peak was lost in broad decomposition peak. 31 The results were in accordance with the results reported by Liu et al. 32 and Kumar et al. 33 On the other hand, after cross-linking, the much higher decomposition temperature could be due to the more compact molecular structure and stronger intermolecular forces attributed to additional intraand intermolecular bonds formed due to cross-linking.
Stability in Water. Figure 3 indicates that the oxidized sucrose cross-linked starch films showed exceptionally better water stability compared with the un-cross-linked ones. In Figure 3a , the cross-linked starch films retained about 80% initial weight whereas the un-cross-linked ones retained about 20% initial weight after incubated in water for up to 35 days. When the the incubation temperature was increased from 50 to 90°C, cross-linked starch films preserved about 75% of its original weight, whereas the un-cross-linked counterpart dissociated immediately after soaked in water at 50°C, as shown in Figure 3b . Cross-linking introduced new inter-and intramolecular covalent bonds, and thus the whole structures became less susceptible to water.
Stability in Formic Acid. Figure 4 demonstrates that weight loss of starch films in formic acid decreased significantly after cross-linking. Non-cross-linked films totally dissolved after being in formic acid for 24 h as expected. Films cross-linked with 1 wt % of oxidized sucrose lost had 49% of initial weight, whereas those cross-linked with 5, 8, 10, and 15 wt % oxidized sucrose showed weight loss of 26%, 19%, 19%, and 18%, respectively. Starch dissolved in formic acid due to breakage of inter-and intramolecular hydrogen bonds. Cross-linking created three-dimensional polymeric structures, which were stabilized via both hydrogen bonding and newly generated hemiacetal/acetal linkages, which might mainly contribute to the insolubility or slow solubility of cross-linked starch in formic acid.
Confirmation of Reaction between Oxidized Sucrose and Starch via FTIR and 1 H NMR. FTIR of Oxidized Sucrose. Figure 5a shows FTIR spectra of sucrose and oxidized sucrose. A peak at around 1650 cm −1 indicating the presence of aldehyde groups existed in the spectra of oxidized sucrose other than sucrose. In addition, a peak at around 3400 cm . Weight loss of non-cross-linked (15 wt % glycerol) and cross-linked (0, 1%, 5%, 8%, 10%, and 15% oxidized sucrose, 15 wt % glycerol, 165°C, 5 min) starch films at 25°C in formic acid for 24 h. The weight ratio of solid to liquid was 1:50. Different letters indicate statistically significant differences among data points.
representing hydroxyl group was much broader in the spectra of oxidized sucrose than in that of sucrose. Sucrose before and after cross-linking had unique combination of peaks in the fingerprint region from 600 to 900 cm
, due to C−O stretching of glycosidic bonds. In Figure 5b , the 1 H NMR spectra showed one proposed structure of hemiacetal derivatives of oxidized sucrose. The free aldehyde at 8−8.5 ppm and hemiacetal groups between 4.5 and 5 ppm proved that polyaldehyde derivatives were produced via oxidation of sucrose.
1 H NMR of Sucrose, Oxidized Sucrose, Starch, and CrossLinked Starch. Figure 6 shows 1 H NMR spectra of un-crosslinked and cross-linked starch films. Splitting of peaks and a single peak at around 4.6 ppm in the spectra of cross-linked starch (Figure 6b ) and un-cross-linked starch (Figure 6a ), respectively. The splitting could be due to the acetal bonds formed between C-6 of starch and aldehyde groups of oxidized sucrose. Both spectra had chemical shifts at around 5.1 ppm, indicating the hydrogen bonded hydroxyl groups, which were abundant in both cross-linked and un-cross-linked starch. Figure 7a shows the change of storage modulus and tan δ of starch films before and after cross-linking. Over the whole temperature range, cross-linked starch films had much higher storage modulus than the un-cross-linked ones, indicating substantially increased inherent stiffness of the starch films after cross-linking. In Figure 7b , the tan δ curve showed a peak at around 130°C, indicating glass transition behavior of un-crosslinked starch films, whereas the other tan δ curve had a subtle peak at around 130°C and an obvious peak at around 175°C. The former peak might be attributed to the un-cross-linked starch molecules whereas the latter peak might be due to crosslinked starch network. The phenomenon might be attributed to an incomplete formation of cross-linked starch network.
Kinetics of Cross-Linking Reaction. Figure 8 shows change of concentrations of oxidized sucrose ([OS]) as reaction time prolonged under different temperatures. As the reactions approached equilibrium, the concentrations of OS decreased to constant values. More OS was consumed in reactions under higher temperature. In this study, excessive starch was used and the temperature was high enough to evaporate water, one of the products, and thus the reaction could be considered as irreversible. Therefore, the reaction rate r was calculated according to eq 6.
wherein [OS] is the oxidized sucrose concentration, [St] is the starch concentration, r is the reaction rate, k is the rate constant, and a and b are the orders of reactions.
Here, the concentration of starch was considered as constant, since excessively amount was added into the system. Thus, it was expected that the reaction of aldehyde sides of oxidized sucrose with these hydroxyl groups follows pseudo-first-order kinetics. 34 Thus, in the pseudo-first-order rate equation, a will be 1, whereas b will be 0 based on the assumption made above. The pseudo-first-order reaction rate was found as shown in eq 7, where k′ is the new pseudo-first-order rate constant. After integration of the rate equation above, the correlation between oxidized sucrose and curing time was found as shown in eq 8, where [OS] 0 indicates the concentration of oxidized sucrose at t = 0 min.
According to the eq 8, the rate constant k′ can be determined from the value of the slope of the plot ln [OS] 0 − ln [OS] against the curing time t, and the regression lines are shown in Figure 9a .
After the rate constants were determined for different curing temperatures, E a was calculated from the slope of the plot ln k against 1/T and A was calculated from the intercept of the plot ln k against 1/T based on eq 2, and the regression line can be seen in Figure 9b .
All these kinetic parameters are shown in Table 2 . As it was expected, rate constant increased with curing temperature and the highest rate constant, 11.8 × 10
, was obtained as a result of curing at higher temperature, 165°C. According to the Arrhenius equation stated in eq 2, rate constant and temperature has a negative correlation. On the molecular level, increasing curing temperature allows molecules to move faster and thus enhances the chance of reaction between aldehyde groups of oxidized sucrose and hydroxyl groups of starch. Additionally, the Arrhenius constant was found as 107.48 s −1 . On the other hand, the activation energy of the reaction, which indicates the minimum energy required to start crosslinking formation, was found 33.22 kJ mol −1
. Cross-linking between aldehyde groups of oxidized sucrose and hydroxyl groups of starch could occur when the energy in the system is only 33.22 kJ mol −1 , which is significantly lower than the activation energies of reaction between many current crosslinking agents and polysaccharides. The comparison of oxidized sucrose with the current cross-linking agents can be seen in Table 3 in terms of activation energy.
As shown in Table 3 , the lowest activation energy for starch cross-linking was obtained by oxidized sucrose, which was 33.22 kJ mol −1 . Epichlorohydrin was the second lowest with activation energy of 38 kJ mol . However, epichlorohydrin is classified as a human carcinogen as stated earlier. 13 Additionally, previous researches resulted that DEB cross-linking requires 55 kJ mol −1 for potato starch. Rather than these two cross-linkers, all the other agents have either high activation energies or not been studied yet. The lowest activation energy, inferring that the reaction occurred more readily between starch and oxidized sucrose than most currently existing cross-linkers.
■ CONCLUSIONS
In this study, oxidized sucrose, a nontraditional biobased polyaldehyde, was used to cross-link starch film. The obtained starch films were found strong and ductile with maximum tensile strength of 23 MPa and maximum strain of 100%. The films retained about 80% of their weight after soaked in water at room temperature for up to 35 days, or in water at 90°C for 30 min, or in formic acid at room temperature for 24 h. The signal splitting of acetal carbon in 1 H NMR spectra verified crosslinking reaction between oxidized sucrose and starch. The cross-linking was a pseudo-first-order reaction with activation energy of 33.22 kJ mol −1 , lower than that of reactions between a variety of cross-linkers and starch. The cross-linking could occur easily. In general, oxidized sucrose could be a highly efficient biobased cross-linker to improve the performance properties of starch products. 
